High resolution ESI-FTMS (Electrospray Ionization Fourier Transformed Mass Spectrometry) analysis of wild type THI4p (wtTHI4p), recombinantly expressed in *E. coli*, revealed a mass that was 34±1 Da less than the calculated mass of the protein. The active site mutants of THI4p^[@R8]^, which did not copurify with any bound metabolites and did not show any activity, were unmodified suggesting that the 34 Da mass loss was in some way related to the catalytic activity of the protein. To localize the site of this modification, chymotrypsin digestion of modified wtTHI4p was carried out, followed by MALDI (Matrix assisted laser desorption ionization) and ESI MS analysis of the peptide fragments. Prior to the digestion, free thiol residues of the protein were alkylated with iodoacetamide to protect them from oxidation. As a control, we performed the same procedure on an inactive and unmodified THI4p mutant (R301Q)^[@R8]^ in parallel. Upon comparing the results for the wtTHI4p and the mutant THI4p, two modified peptide fragments, spanning the same region of the protein sequence, were identified ([Figure 2A](#F2){ref-type="fig"} and [Supplementary figure 2](#SD1){ref-type="supplementary-material"}). Fragmentation analysis localized the modification to a pair of adjacent cysteine residues (Cys204, Cys205, [Figure 2B](#F2){ref-type="fig"}, highlighted in red). Both of these residues failed to alkylate during the iodoacetamide treatment of the peptide fragments. In contrast, peptide fragments originating from THI4p (R301Q) under the same conditions were completely alkylated ([Figure 2A](#F2){ref-type="fig"}). These observations may be explained by the transfer of H~2~S from Cys204 or Cys205 of wtTHI4p, to a thiazole intermediate, generating a dehydroalanine residue (M-34 Da), which is subsequently trapped by the adjacent cysteine-thiol producing a seven membered cyclic thioether ([Figure 2B](#F2){ref-type="fig"} and [Supplementary figure 2](#SD1){ref-type="supplementary-material"}).

Based on these observations, the crystal structures of THI4p^[@R9]^ and THI1^[@R12]^ (THI4p ortholog from *Arabidopsis thaliana*) were reanalyzed for evidence of an active site dehydroalanine (DHA) or cyclic thioether. The 2F~o~-F~c~ and F~o~-F~c~ electron density maps clearly demonstrate a lack of electron density for the sulfur atom of Cys205, consistent with a dehydroalanine residue ([Figure 2C, 2D](#F2){ref-type="fig"}). The loop containing Ala199 -- Asp207, disordered in our previous structure, was completed and shown to extend into the active site of a fourfold-related monomer. The interpretation of the high resolution structure of THI1 (PDB ID 1RP0) is also consistent with an active site dehydroalanine. The 2F~o~-F~c~ and F~o~-F~c~ electron density maps for this protein confirm that electron density for the sulfur atom of Cys172 is missing and demonstrate that the C~α~ is planar ([Supplementary figure 3](#SD1){ref-type="supplementary-material"}). The identification of adjacent cysteine/dehydroalanine residues in THI4p suggests that the formation of the cyclic thioether occurs under the denaturing conditions used for the preparation of the sample for MS analysis.

The activity dependent loss of H~2~S from THI4p suggested that the sulfur atom of the thiazole could be derived from THI4p. The resulting modification renders the enzyme inactive and explains our previous inability to reconstitute active wtTHI4p. The problem of obtaining active wtTHI4p was solved by a surprising set of observations regarding the effect of the growth medium on the activity of isolated wtTHI4p. When the overexpression strain was grown in M9 minimal medium instead of LB medium, the purified protein was mostly free of the 34 Da mass modification ([Figure 3B](#F3){ref-type="fig"}). HPLC analysis of this protein preparation demonstrated greatly reduced formation of the sulfur-containing metabolites **17** and **5** and the accumulation of **12** ([Figure 3A](#F3){ref-type="fig"}, red HPLC trace). This suggests that the sulfur transfer chemistry involved in thiazole formation is greatly retarded when wtTHI4p is isolated from cells grown in minimal medium.

Addition of 100 µM iron (II) to the growth medium was sufficient to restore the sulfide transfer activity of wtTHI4p as indicated by the formation of **17** and **5** shown in [Figure 3A](#F3){ref-type="fig"} (black HPLC trace). In addition, the protein thus isolated showed the 34 Da mass loss, as observed with wtTHI4p overexpressed in LB medium ([Figure 3B](#F3){ref-type="fig"}). These observations suggested that the THI4p catalyzed sulfur incorporation reactions are iron-dependent.

These observations suggested conditions for the successful reconstitution of the THI4p-catalyzed reaction. To accomplish this, the unmodified wtTHI4p, overexpressed in minimal media, was freed from bound metabolites by multiple rounds of gel-filtration. This protein preparation catalyzed the conversion of ADP-ribose (ADPr **7**) to **12** in the presence of glycine **9**, via the intermediacy of ADP-ribulose (ADPrl **8**, [Figure 3C](#F3){ref-type="fig"}). Addition of Fe^+2^ to this reaction mixture resulted in the conversion of **12** to the final product ADP-thiazole (ADT, **5**; [Figure 3C](#F3){ref-type="fig"}). Other divalent metal ions (Mg^+2^, Ca^+2^, Mn^+2^, Co^+2^, Ni^+2^, Cu^+2^ and Zn^+2^) did not activate the enzyme for the sulfide transfer chemistry. While this reaction mixture did not contain an exogenous sulfur source, nearly one full turnover could be observed (380 ± 5 µM ADT from 420 ± 21 µM THI4p). Inclusion of excess sulfide or cysteine in the reaction mixture did not enhance the turnover number or protect the protein from modification. The production of ADT **5** was oxygen sensitive and had to be performed under an anaerobic atmosphere, in the presence of a reducing agent dithiothreitol (DTT) or tris-(2-carboxyethyl)-phosphine (TCEP). Formation of ADT was accompanied by the loss of H~2~S (ΔM=34 Da) from wtTHI4p, as evidenced from ESI-FTMS analysis ([Figure 3E](#F3){ref-type="fig"}). In control reactions, lacking either Fe^+2^ or ADPr **7**, no modification of wtTHI4p was observed. A time course for the reaction demonstrates a consistent stoichiometry of 1:1 for protein modification and thiazole production ([Figure 3D and 3E](#F3){ref-type="fig"}).

The full reconstitution of ADT **5** formation, using purified wtTHI4p, in a reaction mixture lacking any exogenous sulfide donor, coupled with the observed loss of 34 Da from the protein and the structural characterization of a dehydroalanine residue at Cys205 provides compelling evidence that the thiazole sulfur is derived from Cys205 of wtTHI4p. Consistent with this model is the observation that Cys205 is strictly conserved in eukaryotic thiazole synthases, whereas Cys204 is often replaced with a serine residue. Also, the THI4p C205S mutant was shown to be inactive, whereas the C204S mutant retains its ability to produce ADT, suggesting Cys205 as the sulfur donating residue.

Efforts towards the *in vitro* reactivation of modified THI4p under a variety of different conditions were unsuccessful. This suggests that THI4p is a single turnover enzyme. In addition, while thiamin biosynthetic enzymes are generally present in the proteome at very low concentrations, THI4p is an exception and a high level of expression (approx. 1.5%)^[@R13]^ is observed during the exponential growth phase of *Neurospora crassa*. To investigate the possibility that THI4p is a single turnover enzyme, we first characterized THI4p, expressed at native levels in a yeast strain, in which a His~6~ tag had been inserted at the carboxy terminus of THI4p to facilitate its detection and purification. THI4p was isolated from this strain grown to mid-log phase in a vitamin-free defined medium using immunoaffnity chromatography and was analyzed by gel electrophoresis and western blotting ([Figure 4A and 4B](#F4){ref-type="fig"}). The THI4p band was excised, digested with chymotrypsin and the peptide fragments were subjected to MS analysis (MALDI-TOF/TOF MS). The peptide fragment (T194 to Y216) associated with the 34 Da mass-loss (m/z: 2430.1) was again identified in this experiment ([Figure 4C](#F4){ref-type="fig"}) and their fragmentation patterns were identical, confirming the loss of H~2~S followed by cyclic thioether formation ([Supplementary figure 4 and 5](#SD1){ref-type="supplementary-material"}). The unmodified species for the same peptide (predicted m/z 2464 Da) was not observed in this experiment. Identification of the same pattern of H~2~S-loss from native THI4p, as observed in the *in vitro* reconstitution experiments, further validates THI4p as the sulfur donor for thiazole biosynthesis *in vivo*. In addition, the MS analysis identifies modified THI4p as the major species present *in vivo*, suggesting the absence of a repair-pathway in yeast for THI4p-H~2~S. This suggests that the ratio of THI4p to thiamin produced should be 1:1. To test this hypothesis, the concentration of native THI4p in yeast cell free extract was determined by quantitative western blot analysis, using known quantities of recombinantly expressed THI4p to generate a calibration curve ([Figure 4A](#F4){ref-type="fig"}) and thiamin concentration in yeast lysate and in the growth medium (secreted by yeast) was determined by the thiochrome assay ([supplementary Figure 6](#SD1){ref-type="supplementary-material"}). A 1:1.1±0.2 stoichiometry between THI4p and thiamin was demonstrated in yeast cultures growing at mid-log phase (four independent experiments), supporting its role as a single turn over enzyme ([Figure 4D](#F4){ref-type="fig"}).

A mechanistic proposal for the sulfide transfer chemistry involved in ADT **5** formation that is consistent with these observations is outlined in [Figure 4E](#F4){ref-type="fig"}. Addition of the thiol of Cys205 to intermediate **13,** formed as shown in [Figure 1](#F1){ref-type="fig"}, followed by Fe^+2^ assisted elimination would give **14** and generate the active site dehydroalanine observed in the structure. It is also possible that the iron activates the sulfide transfer by direct interaction with the sulfur. The oxygen sensitivity of the reaction suggests that Fe^+2^ is the catalytically active iron oxidation state. Intermediate **14** is then converted to ADT **5** as shown in [Figure 1](#F1){ref-type="fig"}.

The observations reported here strongly suggest that THI4p acts as a co-substrate rather than an enzyme. This is very unusual but is not without precedent. The best characterized example of a single turnover enzyme is the Ada protein which repairs O^6^-methylguanine and methyl-phosphotriester lesions in DNA by transferring the methyl group to an active site cysteine. The resulting inactive enzyme serves as a signal to induce other DNA repair enzymes.^[@R14]--[@R16]^ The possibility that inactive THI4p has other physiological function(s) remains to be explored. Interestingly, involvement of THI4p and its orthologs have been implicated in DNA protection and other stress related pathways.^[@R17]--[@R19]^ The mechanism of this protection is not known. One possibility is that the abundant THI4p protects the cells by binding free cellular iron, which is known to cause oxidative damage via the generation of reactive oxygen species.

THI4p is a remarkable protein: It is a suicidal enzyme serving as a cosubstrate rather than an enzyme for the formation of the thiazole moiety of thiamin. This assembly involves a complex, unprecedented reaction sequence in which NAD serves as the source of the five carbon chain and THI4p serves as the sulfur source. The biological function of the modified protein, if any, remains to be elucidated.

Methods summary {#S1}
===============

THI4p and its mutants \[pET28b vector, BL21(DE3) cell line\] were overexpressed in LB and isolated using Ni-NTA chromatography as described previously^[@R8]^. To isolate unmodified THI4p for activity assays, M9 minimal medium was used for over expression (See [supplementary materials](#SD2){ref-type="supplementary-material"} for details). HPLC analyses of THI4p bound metabolites and the *in vitro* reconstitution assays were performed as previously described^[@R8]^. Assays of THI4p were performed in an anaerobic chamber (COY Laboratory Products Inc). A typical THI4p reconstitution reaction assay included ADP-ribose or NAD (final concentration 1 mM), glycine (final concentration 1 mM), freshly prepared FeSO~4~ (final concentration 0.5 mM) and THI4p (300--500 µM). THI4p and its mutants were desalted into 50% methanol containing 0.1% formic acid for ESI-FTMS analyses. Chymotrypsin digestion/MALDI analyses of recombinant THI4p and its mutants were performed at the Proteomics Facility, Cornell University, using standard protocols. In-gel chymotrypsin digestion/MALDI-TOF/TOF MS analysis with THI4p isolated from yeast was carried out in the Russell laboratory at Texas A&M University and the ESI-FTMS analysis was carried out in the Dorrestein laboratory at UCSD. The crystal structures of THI4p (PDB ID 2GJC)^[@R9]^ and THI1 (PDB ID 1RP0)^[@R12]^ were refined against the deposited structure factor magnitudes using REFMAC from CCP4^[@R20],\ [@R21]^. The *Saccharomyces cerevisiae* strain BY4741 (purchased from Open Biosystems, Inc) was used for in vivo studies with THI4p. Vitamin-free medium A (medium YNB \[Yeast Nitrogen Base\] plus 0.01% uracil, 0.01% leucine, 0.005% histidine, 0.005% methionine, 2% glucose, and 0.03% G418) was used to grow the yeast strain to allow the expression of the endogenous THI4p. Endogenous THI4p concentration was determined using a quantitative western blot, while the concentration of thiamin was determined using the thiochrome assay.^[@R10]^
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![A) The late steps in thiamin pyrophosphate biosynthesis. B) Mechanistic proposal for the biosynthesis of thiamin-thiazole in eukaryotes catalyzed by THI4p.](nihms320641f1){#F1}

![Identification of the site of the M-34Da modification in wtTHI4p. A) The peptide fragments originating from wtTHI4p and the R301Q mutant containing the site of modification. B) A mechanistic hypothesis to explain the mass loss and lack of reactivity with iodoacetamide of the modified peptide. C) Active site of THI4p with bound ADT. The separation of the sulfur atom of ADT and the C~β~ atom of the dehydroalanine residue is 5.3 Å. The loop Gln203 -- Pro208 is from a fourfold-related monomer and has carbon atoms colored cyan. Water molecules are shown as red spheres. The electron density map (2F~o~-F~c~ contoured at 3σ) clearly shows the loss of sulfur from Cys205 to form the dehydroalanine residue. D) Magnified electron density of residue DHA205 and residue Cys204.](nihms320641f2){#F2}

![Reconstitution of the biosynthesis of ADT **5**. A) HPLC analysis of the metabolites associated with wtTHI4p overexpressed in M9 minimal medium ±100 µM iron. B) ESI-FTMS analysis of wtTHI4p overexpressed in M9 minimal medium ±100 µM iron shows iron-dependent modification (ΔM = −34 Da) of the protein. C) HPLC analysis of wtTHI4p catalyzed partial and full reactions and the relevant control reactions. Incubating THI4p with ADPr **7**, glycine and iron(II) results in the production of ADT **5**. D) Time course for the reaction showing a 1:1 ratio of protein modification and thiazole production (error bars indicate s.d.) E) MS analysis of wtTHI4p over the time course of the reaction showing the progressive conversion of the enzyme to the M-34 Da species.](nihms320641f3){#F3}

![Characterization of native THI4p from *S. cerevisiae*. A) Analysis of THI4p in yeast cell free extract using a western blot (right) and coomassie blue (left). Lanes 1--5 contain increasing concentrations (0.5, 1, 2, 4, and 8 µM) of (His)~6~-THI4p. Lane 6 contains yeast crude lysate. B) Native THI4p, isolated from yeast cell free extract, analyzed by SDS-PAGE/coomassie blue (1) and western-blot (2). C) In gel chymotrypsin digestion/MALDI-TOF analysis of isolated native THI4p demonstrates that the peptide containing the C204-C205 region has the same modification as observed with THI4p expressed in *E. coli*. D) Quantitation of THI4p and thiamin produced in a culture of yeast, growing in vitamin free defined medium, demonstrates that THI4p is a substrate rather than a catalyst. E) Proposed mechanism for the iron-mediated sulfur transfer reaction involved in the formation of intermediate 14 ([Figure 1](#F1){ref-type="fig"}).](nihms320641f4){#F4}
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